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We report that thin films of a prototype topological insulator, Bi2Se3, can be epitaxially grown onto the
(0001) surface of BaFe12O19(BaM), a magnetic insulator with high Curie temperature and large perpendicular
anisotropy. In the Bi2Se3 thin films grown on non-magnetic substrates, classic weak antilocalization (WAL) is
manifested as cusp-shaped positive magnetoresistance (MR) in perpendicular magnetic fields and parabola-
shaped positive MR in parallel fields, whereas in Bi2Se3/BaM heterostructures the low field MR is parabola-
shaped, which is positive in perpendicular fields and negative in parallel fields. The magnetic field and
temperature dependence of the MR is explained as a consequence of the suppression of WAL due to strong
magnetic interactions at the Bi2Se3/BaM interface.
The surface of a three-dimensional topological insula-
tor (TI) hosts a fascinating Dirac electron system with
momentum locked to real electron spins,1,2 in contrast
to the valley-related pseudospins in graphene.3 The heli-
cal spin structure has been exploited theoretically as the
basis for realizing topological magnetoelectric effects and
spintronic applications.4–12 In many proposals, a key in-
gredient is to open an energy gap near the Dirac point
via the proximity effect between a TI and a magnetic
insulator (MI). In case of magnetization of the MI par-
allel to the interface, obtaining a sizable gap would re-
quire significant Fermi surface warping.13,14 In contrast,
an MI with out-of-plane magnetic order can break time
reversal symmetry, thereby opening a large energy gap
on any TI surface as long as the interfacial exchange in-
teraction is sufficiently strong. Unfortunately, the easy
magnetization axis in most known MIs, such as ferro-
magnets EuO,15 EuS,16,17 EuSe,18 GdN,19 and ferrimag-
net yttrium iron garnet (YIG),20 lies inside the thin
film/plate plane. Magnetic insulators with perpendicu-
lar magnetocrystalline anisotropy are very scarce.21 Thus
far, strong proximity effect between a TI and an MI with
perpendicular anisotropy has not yet been reported, even
though strong interface interaction has been realized re-
cently in a TI/magnetically doped TI heterostructure.22
Here we demonstrate that Bi2Se3 thin films can be
epitaxially grown onto BaFe12O19, a room temperature
magnetic insulator with large perpendicular anisotropy.
When a magnetic field is applied perpendicular to the
Bi2Se3/BaFe12O19 heterostructure, positive magnetore-
sistance (MR) is observed. It has quadratic field depen-
dence in weak magnetic fields and crosses over to loga-
rithmic dependence in stronger fields. Applying paral-
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lel magnetic field leads to negative MR. The magneto-
transport data suggest strong suppression of weak an-
tilocalization due to the magnetic proximity effect at the
Bi2Se3/BaFe12O19 interface.
M-type Barium hexaferrites (BaFe12O19, BaM), is an
important magnetic material that has been studied for
decades due to applications in magnetic recording and
microwave devices.23–27 It is highly insulating and has
a Curie temperature of 723K.27 In this work, the flat
(0001) surfaces of nearly hexagon-shaped single crys-
talline thin plates (Fig. 1a), were used as the substrates
for epitaxial growth of Bi2Se3 thin films. Fig. 1b shows
magnetization curves of a typical BaM sample with mag-
netic field H applied perpendicular and parallel to the
(0001) plane at T=2K. The magnetization M reaches
saturation at µ0H=0.5T and 1.75T for perpendicular
and parallel field orientations, respectively. For both ori-
entations,M has a nearly linear dependence on H below
the saturation. These features are in agreement with
those previously reported for high quality single crys-
tals.23,25 The large perpendicular anisotropy, the simple
M -H relationship, and the high Curie temperature make
BaM a valuable platform for investigation of the inter-
facial interactions between TIs and magnetic materials.
Furthermore, the large remnant magnetization in some
specially engineered BaM thin films28 could be very use-
ful for pursuing topological magnetoelectric effects with-
out external magnetic fields.
Fig. 1c is a high resolution cross-section transmission
electron microscopy (TEM) image of a Bi2Se3/BaM het-
erostructure. It shows that the 1 nm thick Se-Bi-Se-Bi-Se
quintuple layers are parallel to the (0001) surface of BaM
despite some minor ripples. The interface between BaM
and Bi2Se3 is quite sharp, even though the first 1/2 quin-
tuple layer is imaged less clearly than the other layers.
The crystalline structure of the Bi2Se3/BaM heterojunc-
tion is further confirmed with x-ray diffraction, as shown
in Fig. 1d.
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FIG. 1. (a) Schematic diagram of a Bi2Se3/BaM Hall bar
device. The upper-left inset shows a micrograph of a 200µm
wide Hall bar device, and the upper-right inset is an optical
image of a hexagonal shaped BaM single crystalline plate with
a size of ∼ 6×4×1mm3. (b) Magnetization curves measured
at T=2K with an external magnetic field H applied parallel
(open circles) or perpendicular (solid squares) to the (0001)
plane of BaM. (c) Cross-section TEM image of the interface
region of a Bi2Se3/BaM heterostructure. (d) X-ray diffraction
pattern of a Bi2Se3/BaM heterostructure. Diffraction peaks
can be indexed either (0,0,0,2n) for BaM or (0006) for Bi2Se3.
Low temperature electron transport measurements
were used as a probe for interfacial magnetic interactions.
A thickness of 10nm was chosen for the Bi2Se3 thin films
grown on the BaM substrates. Such a thickness is well
above the 5 nm threshold, below which the wavefunctions
of the top and bottom surfaces overlap substantially, re-
sulting in a hybridization gap near the Dirac point.29
This would modify the Berry phase of the surface states,
and produce transport characteristics similar to those
brought by strong magnetic interactions.30–32 We also
carried out transport measurements of the Bi2Se3 thin
films grown on SrTiO3 (STO) substrates in order to pro-
vide a reference system with non-magnetic substrates.
Hall resistance Rxy has a nearly linear dependence on
the magnetic field.33 The extracted electron densities are
in the range of 2-3 × 1013 cm−2, consistent with previ-
ous transport and photoemission studies.34–41 Such high
electron densities indicate that the Fermi level is located
above the conduction band minimum. Both the bulk and
the surface electrons are expected to participate in the
transport.
In Fig. 2 we plot the main results of the electron trans-
port measurements with magnetic field applied perpen-
dicular to the Bi2Se3 thin films. As shown in Fig. 2a,
the magnetoresistance, defined as MR = [ρxx(H) −
ρxx(0)]/ρxx(0), is positive for the Bi2Se3 thin film grown
on BaM. The sign of the MR is same as that of the Bi2Se3
thin film on STO (Fig. 2b). However, the shape of the
(a)
(c)
-1 0 1
0
1
2
 
 
M
R
 
(%
)
µ
0
H (T)
 1.7 K
  13 K
  25 K
  35 K
-1 0 1
0
2
4
 
 
  2 K
  5 K
 10 K
 20 K
M
R
 
(%
)
µ
0
H (T)
0.0 0.2 0.4
-0.8
-0.4
0.0
 
 
   
  2 K
  5 K
10 K
20 K
µ0H (T)
∆σ
 
(e
2 / pi
h)
  Fit
0.0 0.2 0.4
-0.2
-0.1
0.0
 
 
 
  Fit
∆σ
 
(e
2 / pi
h)
µ
0
H (T)
 1.7 K
  13 K
  25 K
  35 K
(d)
(b)
FIG. 2. Transport properties of the Bi2Se3 thin films grown
on the BaM (a,c) and STO (b,d) substrates in perpendicular
magnetic fields. (a) Magnetoresistance (MR) of a 10 nm thick
Bi2Se3 film on BaM at T = 1.7-35K. (b) MR of a Bi2Se3 thin
film on STO with comparable longitudinal resistivity to that
of the Bi2Se3/BaM heterostructure. Shown in panels (c) and
(d) are the corresponding magnetoconductivity data. The
symbols represent experimental values. The lines in (c) and
(d) are the best fits to a quadratic function and the HLN
equation, respectively.
MR in the Bi2Se3/BaM heterostructure is drastically dif-
ferent from its STO counterpart at low fields. The lat-
ter is characterized by the cusp-shaped MR due to the
weak antilocalization (WAL) effect.35 The quantum cor-
rection to the conductivity of the Bi2Se3 thin films on
non-magnetic substrates can be described by the Hikami-
Larkin-Nagaoka (HLN) equation:43
∆σ(H) ∼= −α
e2
2pi2h¯
[
ψ
(
1
2
+
Hϕ
H
)
− ln
(
Hϕ
H
)]
. (1)
Here, the magnetoconductivity is defined as ∆σ(H) =
σxx(H) − σxx(0), ψ(x) is the digamma function, Hϕ =
Bϕ
µ0
= 1µ0
h¯
4el2
ϕ
is the dephasing field, and lϕ is the de-
phasing length. In single channel systems the prefac-
tor α is equal to 1/2 for WAL. As illustrated in Fig. 2d,
the ∆σ(H) data of the Bi2Se3/STO sample can be fit-
ted fairly well to the HLN equation. The obtained
α values are close to 1/2, which can be attributed
to the strong scatterings between the surface and the
bulk electrons.37,39,42 The magnetoconductivity of the
Bi2Se3/BaM heterostructure, however, cannot be reason-
ably fitted to the HLN equation. As shown in Fig. 2c, it
rather exhibits a quadratic dependence on magnetic field
up to at least µ0H=0.3T. At fields above the magnetiza-
tion saturation of BaM (i.e. µ0H > µ0Hs=0.5T), how-
ever, the MR of the Bi2Se3/BaM heterostructure crosses
over to the HLN-like (or logarithmic) magnetic field de-
3-1 0 1
0
2
4
330
100
00
900
 
µ
0
H (T)
 
 
M
R
 
(%
)
-1 0 1
0
1
2
300
620
150
90
00
 
µ
0
H (T)
 
 
M
R
 
(%
)
900(a) (b)
FIG. 3. Magnetoresistance (MR) data recorded in tilted mag-
netic fields at T=1.7K for the Bi2Se3/BaM heterostructure
(a) and a 7 nm thick Bi2Se3 thin film grown on STO (b). Data
from 10 nm thick Bi2Se3 samples on STO are similar, except
with smaller dephasing fields.44
pendence. This implies that the phase coherent transport
may still be relevant in the magnetic heterostructure.
In order to gain further insight into underlying physics
in the Bi2Se3/BaM heterostructure, we performed trans-
port measurements in tilted magnetic fields at 1.7K.
Fig. 3a shows that, as the magnetic field tilts toward the
thin films plane, the sign of the MR is reversed for θ <9o,
at least at H below the magnetization saturation. Here,
θ is the tilting angle relative to the parallel field orien-
tation. In contrast, the MR of the Bi2Se3/STO remains
positive for any field orientation, as shown in Fig. 3b. In
the STO case, the positive MR originates from the WAL-
related phase coherent transport if the magnetic field is
not too strong. Our previous work44 showed that both
parallel and perpendicular components of the magnetic
fileds H can cause destruction of the WAL, and hence
positive MR. Therefore the negative MR observed here
ought to originate from the influence of the magnetic sub-
strate.
Fig. 4a depicts the parallel field MR of the Bi2Se3/BaM
sample at temperatures up to 70K. The low field MR is
negative, and has a parabolic shape. The MR reaches a
minimum value at µ0H ≃ 1.55T, which is close to the
in-plane saturation field (µ0HA=1.75T). At H > HA,
the magnetization of the BaM is aligned parallel to the
interface, and one would anticipate much weaker mag-
netic proximity effect on the electron transport. This is
evidenced by the resemblance of the parallel field MR
of the Bi2Se3/BaM heterostructure to the STO counter-
part at H > HA (Fig. 4b). This further supports that
the negative MR observed at lower fields is related to the
magnetism in the BaM substrate.
The magnetotransport data presented above can be
summarized in the following two key aspects. One is the
parabola-shaped MR existing in a rather broad range
of magnetic fields for both parallel and perpendicular
field orientations. Such a quadratic field dependence has
never been observed in either perpendicular or parallel
fields in previous studies of TI/MI heterostructures, such
as Bi2Se3/EuS, Bi2Se3/GdN and Bi2Se3/YIG.
16,17,19,45
The other is the strong T -dependence of both types of
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FIG. 4. The MR data taken in parallel magnetic fields. (a)
MR of the Bi2Se3/BaM heterostructure at T = 1.7-70K. (b)
MR of the 7 nm thick Bi2Se3 film on STO measured at T up
to 20K.
parabolic MR. This is further illustrated in Fig. 5. For
the perpendicular field orientation, the T -dependence of
the MR is characterized by K⊥ vs. T shown in Fig. 5a,
where the coefficient K⊥ is extracted from fitting the
data in Fig. 2c to ∆σ(B) = −K⊥B
2 with B = µ0H up
to 0.3T. Correspondingly, K// is obtained by fitting the
MR data to a similar parabolic function (Fig. 5b). Both
K⊥ and K// drop more than three times as T increases
from 1.7 to 30K, whereas the longitudinal resistivity ρxx
varies only about 10% in the same temperature range.
As mentioned above, the MR of the Bi2Se3 thin films
on non-magnetic substrates can be viewed as a conse-
quence of time reversal symmetry breaking by the exter-
nal perpendicular magnetic field, which introduces dif-
ferent Aharonov-Bohm phases to the time-reversed pairs
of paths along any of the closed loops.46 Such symme-
try breaking suppresses WAL, leading to the positive,
cusp-shaped MR described by the HLN equation. The
parabolic MR observed in the magnetic heterostructure
therefore suggests the existence of an extra source for the
suppression of WAL.
In literature, random magnetic impurities43,46and
magnetic exchange interaction30 are known to be able
to break time reversal symmetry, and suppress the phase
coherent effect. When the strength of magnetic scatter-
ings is weak, the magnetoconductivity can also be de-
scribed by the HLN equation, except that the extra de-
phasing due to the random magnetic scatterings needs
to be taken into account.43,46 The low field MR would
maintain the cusp-like shape. Such behavior has been
observed in GdN/Bi2Se3 heterostructures as well as con-
ventional metal films (e.g. Au thin films) with magnetic
adatoms.19,46 In case of very strong magnetic scatterings,
there is a crossover from the symplectic limit (α=1/2) to
the unitary limit (α=0).43 Transport close to the lat-
ter limit30 was observed previously in Bi2Te3 thin films
capped with 1ML Fe, in which the strong magnetic scat-
terings from Fe nanoclusters are believed to be respon-
sible for the parabolic MR.47 In this classical diffusive
regime, one would expect weak T -dependence of the MR
at low temperatures. This is contradictory to the strong
T -dependence of the MR in the Bi2Se3/BaM heterostruc-
ture (Fig. 5a). Moreover, it is also unclear how the mag-
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FIG. 5. Temperature dependence of the magnitude of the
quadratic magnetoconductivity (or MR) in the Bi2Se3/BaM
heterostructure in perpendicular (a) and parallel (b) magnetic
fields.
netic impurity scattering model can account for the neg-
ative MR in parallel fields.
For the MR in perpendicular magnetic fields, the
most pronounced deviation from the WAL behavior takes
place in low magnetic fields. The magnetization of the
BaM substrate is featured by micron-sized maze-like do-
mains.23 Even though the global magnetization is small,
the local magnetization has a large perpendicular com-
ponent inside each domain because of the large magne-
tocrystalline anisotropy.23 The magnetic exchange inter-
action as well as the local stray field at the interface
breaks the time-reversal symmetry in the Bi2Se3 layer,
leading to the suppression of WAL. This interface prox-
imity effect is much larger than the conductivity correc-
tions due to the external field. This can qualitatively ex-
plain the much weaker field dependence of the MR in the
Bi2Se3/BaM heterostructure than that of Bi2Se3/STO.
On a quantitative level, Lu et al. calculated the quantum
corrections to the conductivity of TI under the influence
of perpendicular magnetization. They found that in case
of strong exchange interaction and weak magnetic impu-
rity scatterings, the modified Berry phase in the surface
states could result in the positive, parabolic MR.30
The negative MR observed in parallel fields can also
be qualitatively explained within the picture of broken
time reversal symmetry in the phase coherent transport.
Since H is applied along the hard axis of BaM, it ro-
tates the magnetization out of the perpendicular direc-
tion, and hence reduces the (local) perpendicular mag-
netization approximately in the form of (1 − H2/H2A)
when H < HA. This decreases the magnetic proxim-
ity effect, resulting in the negative MR. Nevertheless,
it should be noted that the negative parabolic MR has
also been observed in magnetic multilayers and magnetic
granular systems, in which the MR is attributed to spin
dependent scatterings.48–50 In these systems, however,
the MR is negative for both parallel and perpendicu-
lar field orientations. Moreover, the resistance change
due to spin dependent scatterings usually has weak T -
dependence below 30K. This is also inconsistent with
the strong T -dependence of the MR of the Bi2Se3/BaM
heterostructure (Fig. 5). Therefore, we conclude that the
MR observed in this work can be mainly attributed to the
interplay between the magnetic interactions at the inter-
face and the phase coherent transport. Nevertheless, fur-
ther work is needed in order to determine whether these
properties mainly originate from the interface exchange
interactions or from the local stray field induced effects
on the quantum diffusive transport.
In summary, we have demonstrated magnetic proxim-
ity effect in the Bi2Se3/BaM heterostructure. It is man-
ifested as the parabola-shaped positive MR in perpen-
dicular fields and negative MR in parallel fields. Such
a unique type of MR has not been observed previously
in any low dimensional magnetic system, including ferro-
magnetic thin films, magnetic multilayer structures, mag-
netic granular systems and TI/MI heterostructures. The
proximity effect achieved in this work with the magnetic
insulator that has a large perpendicular anisotropy and
the Curie temperature higher than room temperature
may pave a way to realizing many topological spintronic
effects with potential for practical applications.
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